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SUMMARY

Steady and fluctuating pressures have been measured at Mach numbers
which were varied from 0.6 to 1.2 on two bodies of revolution typical of
two space-vehicle payload shapes, the Centaur and the Able V.

The results of the Investigatlon showed that significant fluctuations
of pressure occurred on both bodies between Mach numbers of 0.75 and 1.00.
The maximum fluctuations measured at any Mach number and angle of attack
occurred in the reglon of the normal shock wave as a result of shock-
wave motion. Large reglons of unsteady pressure also occurred as a result
of separation on the converging afterbody of the Able-V model. The maximum
pressure fluctuations occurring on the bodles Increased with 1increasing
angle of attack. For angles other than OO, fluctuations of normal force
are indicated since pressure fluctuations were larger on the upper half
of the bodles than on the lower half.

No definite conclusions could be drawn regarding the form of the
spectral densities of pressure fluctuatlons in the regilon of the shock
wave. The spectral densitles In reglons of separation following the
shock wave appeared flat except for some increase in energy level below
100 cycles per second, which may have been due to slight model motions.

INTRODUCTION

Large structural loads can be encountered by an exiting space vehicle
as 1t traverses the transonic range because dynamlc pressure is near the
maximum with the result that large pressure gradients occur in the presence
of shock waves. Moreover, the shock waves may be unsteady so the charac-
teristic flow Instabilities associated with buffeting are present. The
aerodynamic loads assoclated with the unsteady pressures and the large
pressure gradients can impose a structural deslign problem which may be due
to local panel loading on a space~vehlcle fairing, or the excitation of
the over-all vehicle structure, or even one of transmitting unsteady loads
to delicate payload and guldance instruments.

*Title, Unclassified
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Results of investigations, such as reference 1, may be helpful in
estimating loading due to pressure gradlents, and in estimating internal
venting requlrements for falrings. Although some measurements of local
pressure fluctuations on two-dimensional airfoils have been made (e.g.,
refs. 2 and 3), measurements of unsteady pressures on bodies of revolution
were heretofore unavallable for conslderatlion in the design of space

vehicles.

As a consequence, an Investigation was undertaken to provide
measurements at transonic speeds of both steady and fluctuating pressures
on typical space-vehicle shapes, and to determine whether shapes of

-payload stages can be optimized to give minimum unsteady loading. The

- _general research program was under way when failure of an Able-IV moon

shot occurred within the tr.asonic speed range. The research results
available suggested the possibility of fluctuating pressures on the pay-
load fairing contributing to the failure, and led to the desirability
of testing two specific vehicle shapes. These were the Centaur, which
requires a Jjettisonable insulation that may be vulnerable to fluctuating
pressures, and the Able V, which was to succeed the Able IV. It 1s the
results of these two tests that are contained herein and, although they
are for specific model shapes, it 1s belleved that they can provide
Informatlon of value for design studies.

NOTATION
Cp time-average pressure coefflcient, E_:_EE
ACp(RMS) coefficient of the root-mean-square fluctuatlon of
pressure about the mean
Acp(pk—to~pk) coggiigi;gtagguihihgezg;zo—peak fluctuation of
M free-stream Mach number
D maximum body dlameter
P local static pressure
Po free-stream static pressure
95 free-stream dynamic pressure
b4 distance along body axis from nose
a angle of attack
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APPARATUS AND TECHNIQUE

Wind Tunnel

Tests for this investigatlon were conducted in the Ames 14—Foot
Transonic Wind Tunnel at Mach numbers from 0.60 to about 1.20. Detaills
of the nozzle and test section of thils facllity are shown in figure 1.
This tunnel operates at a constant stagnation pressure, approximately
atmospheric, but some control of stagnation temperature is possible. As
a result, Reynolds number varies with Mach number as 1llustrated in
figure 2. The shaded areas indicate the variation of Reynolds number,
based on maximum body diameters, for each of the models tested. Flow
curvature and angularity in the test section have been measured and are
negligible. The Mach number is constant within #0.005 Mach number.

Models

Two models were tested, a 0.07h—scale Centaur having the nominal
hemisphere-cone-cylinder shape without any external proturberances, and
a 0.25-scale Able V. Both were tested in the presence of a cylindrical
extenslon of approximately two body-base diameters 1n length. The diam-
eter of the extenslon on the Centaur model was scaled to that of an Atlas
booster. §Sketches of the models showlng pertinent dimensions and also
the locatlons of static-pressure orifices and pressure transducers are
in figure 3. Photographs of the models are in figure L.

Both models can be considered to be of rigid construction, and were
rigidly attached to the tunnel sting-support system. The model having
the Centaur shape was constructed of Fiberglas braced with steel rings,
whereas the model with the Able-V shape was constructed of solid wood
with material removed at the core to make room for necessary pressure tubes
and wires. A solld wooden nose extending back to x/D = 1.741l was
constructed for the Centaur model to check the effect of the Fiberglas
flexibility. ©Shake tests of the model-support system with the Centaur
model installed with the solld wooden nose indicated resonant freguencies
of the over-all system of 8.8, 26.6, 4.0, 72.0, 86.3, 189, and 241
cycles per second. Except for the first, second and thilrd sting-bending
modes at 8.8, 26.6, and 72.0, the remaining modes could not be definitely
identified. Shake tests of the Able-V model indicated resonant frequencies
of 10.7, 29.8, 60.5, 117, 191, and 281 cycles per second. The first five
frequencies listed were ldentified as the first five bending modes of the
support system.

The Centaur model had two longitudinal rows of both orifices and
pressure transducers. Orifices were located at peripheral angles of 0O°
(top center line) and 45° clockwise. Since the Able-V model had only one
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row of orifices and transducers, measurements were obtained from duplicate
tests of the model with orifices set first at O° and then 45°. The centers
of the pressure transducers were offset to the right of their adjacent
orifices 3/8 inch on the Centaur model and 1/2 inch on the Able-V model.
These represent an angular offset of approximately 4.75° at the maximum
diameters of both bodles. For practical purposes, the transducers will

be referred to as being located along the 0° and 45 orifice rows.

Instrumentation

A photograph of sample pressure transducers 1s shown In figure 5.
The transducers, which were made at Ames Research Center, were 0.250-inch
diameter and 0.075 inch thick.l They were of the bonded strain-gage type
having a single active leg of the strain-gage bridge mounted on the back
of a thin diaphragm. The remsining three legs of the bridge, which were
inactive legs, were mounted within the model in close proximity to the
active leg. Calibrations of the transducers have shown them 1o have
linear outputs over at least +2 pounds per square inch. To avold exceeding
this range during operation, the back side of the diaphragm on each
transducer was referenced to the statlec pressure from an adjacent orifice.
Although single-active-leg strailn-gage construction results in d.c. drift
in output due to temperature variations, the transducers are sufficilently
insensitive to temperature effects to allow d.c. calibrations to be made
for the determination of the dynamlc sensitivity. The slopes of the
calibration curves are also relatively unaffected by temperature. Check
calibrations followling manufacture of the transducers showed less than
2—percent variation in the output sensitivity between room temperature
and 160° F. The dynamic response of the transducers was also checked by
mechanically oscillating a sample transducer, and as a result the
transducers are considerd to have a flat response to 1000 cycles per
second .

Fach transducer was installed in a model by bonding the reference
tube and wires on one side and the plugged dummy tube on the other side
to slots on each silde of its receptacle. An adheslve with a rubberlike
quality was used to minlmlze any transmission of skin stresses to the
transducer body. The reference pressure tube was brought out of the
tunnel along with the tube from its adjacent static-pressure orifice, and
the two were interconnected at the mercury-in-glass manometers used for
recording static pressures. The long combined tube length, approximately
150 feet from the orifilce to the back of the transducer diaphragm, insured
the steadiness of reference pressure.

Ione exception was a 0.500-inch-diameter pressure transducer installed
in the solid wooden nose for the Centaur model as a check of the
satisfactory operation of the tranducers.




Y BKY ¥ ¢ & L 3 e o6 ¢ 556 © Sev as
[ B N * & » . e . L LI ] .
¢ 9 oo » [ o e . [ e o0 & e o »
*» 5 e [ [ ] [ XY ] 3 LI ) Q s LI
. ate 40 soh s 9 e v e s > Seo o
CONFIDENTIAL 5

Major electronic components used for both recording and analyzing
data from each pressure transducer are shown in a block diagram in figure
6. Most of the components are standard, with the exceptlon of the filters
vwvhich affect the frequency characteristics of the data and the power-
spectrum analyzers  In the data-recording circult the high-pass filter
attenuated the signal level 3 db at 1 cps at the rate of 6 db per octave.
It was placed in the circult to eliminate d.c. drift due to tunnel tem-
perature variatlons so that the maxlmum tape-channel range was available
to pressure-fluctuatlon signals only. In the root mean square and
osclllograph recording circult, the band-pass fillters further eliminated
d.c. and very low frequencies,® and also any frequencies above the linear-
response range of the transducers. These were 6-db-per-octave filters
which attenuated the signal 3 db at 7 and 1000 cps. The galvanometers
In the oscilllograph are specified by the manufacturer to have a response
flat within 5 percent to 350 cps. The power spectrum analyzer is a beat-
frequency-type instrument containing a variable sixth-order filter.

One other instrument, a vibration meter, was used for only a few test
points during the Centaur model tests. The Integrating circult provided
a signal proportional to displacement from a veloclty pickup installed
at x/D = 2.12k.

Procedure

Calibrations of all the pressure transducers and tape recorder
channels were made before each test 1n order to minimize the possibility
of effects of small changes in sensitivity. The pressure transducers were
calibrated from outsilde the tunnel through the reference tubes to the
back slde of the diaphragms. The tape recorder was calibrated with a 100
cps sine wave of known root-mean-square voltage.

The procedures for conducting the tests of the two models were
slightly different. For the model with the Able-V shape, tests were con-
ducted at selected Mach numbers from 0.60 to 1.15, and the angle of attack
was varied at each Mach number from -6° to +10°. With this system the
maximm pressure fluctuations, which occur gquite loeally, could have been
between transducer statlons and thelr maximum values could have been
missed. For the model with the Centaur shape, tests were conducted at
constant angles of attack from -4° to 48°, and the Mach number was varied
from 0.60 to 1.20. In the range of Mach numbers where significant pressure

2The decision to further filter low frequencies In addition to the
flltering during recording was prompted by power spectral analyses of
pressure fluctuation ahead of the shock wave. The results indicated that
much of the peaking in the recorded spectra below 10 cps was due to either
fluctuations of dynamic pressure or stream angle within the wind-tunnel

test section.
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fluctuations were occurring (0.7 <M < 1), the Mach number was adjusted in
whatever increments were required to locate the maximum intensities at the
pressure-transducer statlons spaced along the top center line of the model.
For each Mach number and angle-of-attack setting, a photograph was taken of
a multiple mercury-in-glass manometer for the measurement of steady pres-
sures, while a l-minute-long tape record was taken for the measurement of
unsteady pressures.

To reduce the data to determine the RMS pressure-fluctuation
intensities, digital-recorder readings of the RMS voltages were taken
at about 2-second intervals throughout the duratilon of each l-minute
record. The average of the readings was then applled to the callbrated
sensitivities of the pressure transducers in terms of pounds per square
foot per volt to yileld the measurements of fluctuating pressure. The
peak-to-peak pressure fluctuations were obtalned by applying the calibrated
sensitivity of the appropriate pressure transducer In terms of pounds-per-
square-foot-per-inch deflection of the osclllograph trace to a visual
estimate of the double amplitude of the trace during approximately a 5-
second record taken from the l-minute tape recording. Measurements of
the peak-to-peak fluctuations were made only for the corresponding data
points where significant RMS readings occurred.

_ Power-spectral analyses were performed at a band-width setting of

6 cps with a 22-second tape loop operating at the same tape-transport
speed as the original recordings. The prerun 100-cps calibration signal
wag analyzed prior to the analysis of each of the selected test points.
The known RMS voltage of the calibration signal was then related to the
voltage sensitivity of the pressure transducers to establish the mean-
square-pressure per-cycle-per-second scale of the recording potentiometer.

No correctlons have been made to the steady pressure readings, and
no attempt has been made to subtract any tare readings (with the exception
of the band-pass filtering) from the fluctuating-pressure data due to
either wind-tunnel or instrumentatlon-induced nolse levels. Aside from
the problem of establlishing the correct part of the total slgnal caused
by flow roughness and Instrumentation noise, 1t was lmpractical to make
corrections to the large number of test points with proper correlation
of noise factor and unsteady pressure. An indication of the average
wind-tunnel and instrumentation noise levels can be obtained from the
level of the pressure-fluctuation measurements ahead of the peaks shown

in figures 7 and 8.

RESULTS AND DISCUSSION

Pressure Fluctuations

Pressure fluctuations and thelr relationship to static pressures.-
The longltudinal distributions of the intensitles of the pressure

A
}
6
5
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fluctuations are shown in figure 7 for the Centaur model and in figure 8
for the Able-V model. The distributlons are presented as a function of
the number of maximum body dlameters back from the nose for all the Mach
numbers Investligated. To associate the pressure fluctuations with
transonic-flow phenomena, such as the presence of shock waves, their
strength and locations, etc., some of the distributions of the pressure
fluctuations are presented with thelr corresponding statlc-pressure dis-
tributlons in figures 9 and 10. In all of these flgures (figs. 7 through
10), data that were obtalned at negative angles of attack are presented
as reflectlons In the vertical plane at positive angles of attack to show
the effective longitudinal distributions of steady and fluctuating pres-
sures at perlpheral statlons of 1350 and 180°. Where 1t was consldered
that the peak in the fluctuating-pressure distribution had been missed
due to its having been between transducer stations for the particular
Mach number setting, representative peaks have been falred with dashed
lines to indicate thelr spproximate locatlons.

Examination of flgures 7 and 8 discloses that fluctuations of pressure
occurred on both models at transonic speeds. In general, the most intense
fluctuations were concentrated longltudinally at only one transducer
statlon. On figures 9 and 10, which contaln the statlc-pressure distribu-
tions, 1t can be seen that these maximum fluctuatlons usually appear where
there 1s a steep rising pressure gradient through a normal shock wave.
Thelr occurrence in the regilon of the shock wave is attributed to the
motion of the shock wave and the consequent fore-and-aft shifting of the
pressure rise.

Although the largest fluctuatlons of pressure on a body may be
concentrated longitudinally at the shock wave, 1t 1s apparent from the
results in figure 8 that large regions of unsteady flow can occur at
angle of attack on a converging afterbody, such as exlsts on the Able V.
As a matter of fact, the most notable difference between the dlstributions
of the pressure fluctuations on the two models 1s that these large regilons
of pressure fluctuations following the shock wave did not occur on the
Centaur model. Figure 11, which plctures the flow over a portion of each
model for a few Mach numbers and angles of attack, shows that separation
was more extenslve on the upper surface of the Able-V model. These
results Indicate that there 1s a danger that a large area may become
exposed to unsteady pressures on a space vehicle if the payload falring
1ls larger in diameter than its adjacent rocket stage.

Effects of Mach number and angle of attack on maximum pressure
fluctuations.~ The maximum fluctuations measured along the top center line
of the models have been plotted versus Mach number in figure 12 to show in
a more consolldated form the magnitude of the maximum fluctuations, the
range of Mach numbers where large fluctuatlions occurred, and the effect
of angle of attack. Curves are falred through the points plotted at
constant angle of attack for the Centaur model, but are cmitted for the
Able-V model because of the uncertainty that the maximum fluctuations
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were measured at every test Mach number. The data show that the
significant fluctuations cccurred on both models at Mach numbers above

0.75 and below 1.0. Maximm intensities of the fluctuations of pressure
coefficient reached values of 0.106 on the Centaur model and 0.124 on the
Able-V model. It is possible that the range of Mach numbers for flow
unsteadlness may vary for certain body shapes where subsonlc separation
could become a factor (ref. 1). However, the fact that the largest
fluctuations occurred at the locatlons of normal shock waves suggests that
for most shapes the problem area in connection with unsteady pressures will
be wilthin the same Mach number range.

The effect of ilncreasing angle of attack on the maximum fluctuations,
as shown by the results from the Centaur model in figure 12, was generally
to Increase the Intensities.

Relationship between peak-to-peak and RMS measurements.- Although
peak-to-peak measurements are of little statlstical value, they are of
Interest from the standpoint of examining the maximum instantaneous
pressure fluctuations that may occur. To indicate how large the peak-
to-peak fluctuations of pressure may become in relation to RMS fluctua-—
tions, peak-to-peak values of pressure coefficlent are plotted in figure 13
against corresponding RMS values that exceeded 0.0l. The results indicate
that the ratics between the peak-to-peak and RMS measurements, although
somewhat scattered, are sufficlently consistent to provide a reasonable
means of estimating maximum peak-to-peak values from RMS readings or vice
versa. The peak-to-peak fluctuatlons were from about three to four times
higher than thelr corresponding RMS measurements for the Centaur model
(fig. 13(a)), and from about three to five times higher for the Able-V
model (fig. 13(b)).

Figure 13 also shows that the maximum coefficient of peak-to-peak
fluctuations of pressure measured within the range of this investigation
reached values of 0.355 on the Centaur model and 0.428 on the Able-V
model. At the dynamic-pressure levels of the test these measurements
correspond, respectively, to unsteady pressures of 222 and 334 pounds
per square foot.

Power spectral densities.- Before experimentally determined pressure
fluctuatlions can be applied In calculations to determine the response of
a structure, properties of the fluctuatlons other than the RMS intensities
must be either evaluated from the test results or estimated. Probably the
most Important of these is the power spectral density, which represents
the variation with frequency of the mean-square value of the amplitude
of the pressure fluctuations. It 1s also necessary to establish from the
power spectra, if possible, whether the results are representative of the
input fun€tion and not influenced by the model-installation dynamics.

Spectral densitles that are typlcal of the two types of pressure
fluctuations measured during this iInvestigation are shown in figures 14

[
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and 15. Fluctuations which cccurred at the locatlons of the shock waves

on both models are represented in figure 14, while fluctuations within
regions of separation, which were of consequence only on the Able-V model,
are represented in figure 15. Also indicated in figure 14(a) is a spectrum
from the repeat test to determine the effect of Fiberglas flexibility on
the Centaur, and the repeatabllity of the pressure-fluctuation measurements
with a l/2—inch—diameter transducer. The results show that the spectral
densities at the same Mach number and angle of attack were essentially the
same .3

Examination of figure 14 discloses that peaks in the spectral density
occurred near one or more of the model resonant frequencles. These results
suggest some coupling of shock-wave motion with vibration modes of the
model-support system. Since there was no measurable amplitude of motion
(fig. 16) at 192 cps, the question is raised as to the cause of the peak
shown at 192 cps 1n the spectral densities for x/D = 1.634 on the Centaur
model and x/D = 0,800 on the Able-V model. The occurrence of a peak in
the spectra of the pressure fluctuations ahead of the shock wave (fig. 17)
at 193 cps at M = 0.80 and at 215 cps at M = 0.95 indicates that a
possible cause may be a very small pressure fluctuation in the stream
(equivalent to less than 0.022 psf2/cps at M = 0.80) which varies with
Mach number.

In view of the apparent influence of motion and/or stream fluctuations,
a brief investigation of the pressure fluctuations on the Centaur model was
conducted in the 11-foot test section of the Ames Unitary Plan Wind Tunnel.
The results show that the peak at 192 cps disappeared (fig. 18), and that
with the exception of the disappearance of this peak, the general distribu-
tion of the energy with frequency at x/D = 1.634 was about the same. At
x/D = 1.970 some coupling of the pressure fluctuatlions with motion at low
frequencies is still indicated. Although the amplitude of motion was less
in the ll-foot wind tunnel (fig. 19), the RMS intensities (fig. 20) did not
diminish from the original measurements shown in figure 12, a fact which
helps substantlate all the RMS measurements presented.

Since coupling seems to occur between pressure fluctuations in the
reglon of the shock wave and vehicle motion and/or stream fluctuations, a
serious problem area 1s indicated by the extremely small motlons and flue-
tuatlions required to influence the frequency distribution of the unsteady
pressure. As previously pointed out an alteratlon of the model support
properties did not change RMS measurements; consequently it appears that
an effective amplification of the pressure fluctuations can take place with
a redistribution of the total energy to form peaks at the frequency of
motion.

SThe fact that the power spectra were the same indicates that the
pressure fluctuations are a stationary random function of time. That
unsteady forces assoclated with buffeting are a stationary random function
of time and the defining statistical properties of such functions are /
discussed to some extent in refere
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From the spectra of the fluctuations in the separated region following
the shock wave (fig. 15), 1t can be seen that they were affected by model
motions to a considerably lesser extent than the pressures in the region °
of the shock wave, and that the general shapes were about the same for all
the cases shown. Except for the slight increases in energy level at fre- . .
quencles from 100 cps downward to 10 cps, which may have been due to model
motions, the frequency distributions were practically constant for the
remaining range of frequencies. The very low levels of the spectral densi-
tles of the output from a covered transducer within the separated region
and transducers located ahead of the shock wave (fig. 17) demonstrate that
the major part of the flat distributions is a measure of pressure fluctua-
tions and not of instrumentation or wind-tunnel induced noise levels.

[ J

\J Oy =

Steady Pressures

In general, the inside of a space-vehicle payload falring is vented
to local static pressure at some longitudinal station to minimize the
loading on the falring during launch. However, at transonic speeds pres-
sure fluctuations and pressure gradients are large, and reglons of differ-
entlal loading can occur over the length of the body. Depending upon the
cholce of venting locaticns, the loading on the falring structure can be
entirely compressive or 1t can impose stresses which may vary longitudinally
from compression to tension. The results in figure G show that with a
shape such as the Centaur, the position of minimum pressure always occurred .
in the test Mach number range at the same station so that compressive
loading could be maintained by venting at that location. Venting to free-
stream static pressure could also be done on a shape similar to the Centaur .
since pressures recovered to free-stream static pressure more readlly on
the cylindrical afterbody than on the converglng afterbody of the Able V.

Over-All Loads

Although the most severe localized loading would be encountered at
the normal shock wave because of the combined steep statlc-pressure gradi-
ent and high pressure fluctuations, 1t would be necessary to correlate the
adjacent pressure fluctuations both circumferentially and longitudinally
before the over—all time-dependent part of the loading could be determined.
Ne cross spectral densitles or correlation coefficilents have been obtained
that would relate the pressure fluctuations at the different stations on
the models tested. Assumptions could be made of the over-all loading on
a shape similar to the Centaur model, however, which may be reasonably
valid in view of the fact that all significant fluctuations were concen-
trated at the location of the shock wave. First, it would seem reasonable
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that the longitudinal correlation could be ignored. Then for
clrecumferential correlation, 1t could be assumed that the shock wave
surrounding the body fluctuates wilth all peripheral stations In phase.

In general, the loading due to steady and fluctuating pressures has
been considered from the point of view of panel lcading. In addition,
normal-force and side-force fluctuations, which are the summation of the
components of local pressure fluctuations In the normal-force and side-
force planes, can cause dynamic response of the vehicle. The fact that
large areas may be exposed to unsteady pressures in reglons of separation
Indicates that the normal forces can be unsteady. Normal-force fluctua-
tions are indlcated by the results of figures T(b), 8(b), and 8(c) which
show that for angles of attack other than 0° vhere pressure fluctuatilons
were signifilcant, they were larger on the upper half of the bodies than
on the lower half.

CONCLUSTIONS

The measurements of steady and fluctuating pressures at transonic
speeds on two bodles of revolution (Centaur and Able-V shapes) have shown
the following:

1. Significant fluctuations of pressure coefficient occurred on both
bodies within the Mach nunber range from 0.75 to 1.00. The highest root-
mean-square intensities measured were 0.106 (0.355 peak-to-peak) on the
Centaur model and 0.124% (0.428 peak-to-peak) on the Able-V model.

2. The maximum fluctuations measured at any Mach number and angle
of attack occurred in the reglon of the shock wave.

3. On the converging afterbody of the Able-V model, large regions
of unsteady pressures occurred in the separated flow behind the shock
wave at angle of attack.

L. Maximum pressure fluctuations occurring on the bodies lncreased
wilth Increasing angle of attack within the range of angles Investigated.

5. Pressure fluctuatlons were generally larger on the upper half of
the bodies than on the lower half at angles of attack greater than Oo,
indilcating that appreciable fluctuations of normal force were also acting
on the bodies.
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6. Except for some increase in energy level below 100 cps, which
may have been due to slight model motlons, the spectral densities of
pressure fluctuatlons in regions of separation following the shock wave
appeared flat over the range of frequenciles examined.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Jan. 27, 1961
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ction of the Ames 14-Foot Transonic Wind Tunnel.

Figure 1l.- Nozzle and test se
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Figure 2.- Reynolds number ranges for the two models tested.
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Pressure transducer

and corrieramplifier

20 k¢ Excitation
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calibration

High-pass filter
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tape recorder
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Tape playback

|
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thermocouple

Power-spectrum
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|

Digital
recorder

Recording
potentiometer

Oscillograph

Figure 6.- Block diagram of major components of instrumentation.
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M= 0.805, o = 8°

(a) Centaur model.

Figure 11.- Typical shadowgraph pictures of the flow when large pressure
fluctuations were occurring.

Ul O\ &



43

<40 N

M = 0.95, @ = 6°

Able-V model.

)

Figure 11l.- Concluded.
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and transducers ahead of the shock wave on the Able-V model.
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Figure 18.- Power spectral densities of pressure fluctuations at the
normal shock wave on the Centaur model in the Ames 11-Foot
Transonic Wind Tumnel.
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Figure 19.- Power Spectral densities of amplitude of motion on the
Centaur model in the Ames 11-Foot Transonic Wind Tunnel.
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